Unpredictable stress is known to profoundly enhance susceptibility to fear and anxiety while reducing the ability to extinguish fear when threat is no longer present. Accordingly, partial aversive reinforcement, via random exposure to footshocks, induces fear that is resistant to extinction. Here we sought to determine the hippocampal mechanisms underlying susceptibility versus resistance to context fear extinction as a result of continuous (CR) and partial (PR) reinforcement, respectively. We focused on N-methyl-D-aspartate receptor (NMDAR) subunits 2A and B (NR2A and NR2B) as well as their downstream signaling effector, extracellular signal-regulated kinase (ERK), based on their critical role in the acquisition and extinction of fear. Pharmacological inactivation of NR2A, but not NR2B, blocked extinction after CR, whereas inactivation of NR2A, NR2B, or both subunits facilitated extinction after PR. The latter finding suggests that co-activation of NR2A and NR2B contributes to persistent fear following PR. In contrast to CR, PR increased membrane levels of ERK and NR2 subunits after the conditioning and extinction sessions, respectively. In parallel, nuclear activation of ERK was significantly reduced after the extinction session. Thus, co-activation and increased surface expression of NR2A and NR2B, possibly mediated by ERK, may cause persistent fear. These findings suggest that patients with post-traumatic stress disorder (PTSD) may benefit from antagonism of specific NR2 subunits.
Introduction
Contextual fear conditioning in rodents has long been utilized to model anxiety disorders such as PTSD. Many conditioning paradigms, however, do not take into account the unpredictability that is characteristic of traumatic events that give rise to anxiety disorders. Unpredictability in CS-US parings is known to exacerbate fear responses in humans (Acheson, Forsyth, & Moses, 2012; Acheson, Forsyth, Prenoveau, & Bouton, 2007; Fonteyne, Vervliet, Hermans, Baeyens, & Vansteenwegen, 2009; Grillon, Baas, Cornwell, & Johnson, 2006; Oka et al., 2010; Vansteenwegen, Iberico, Vervliet, Marescau, & Hermans, 2008) , particularly those with PTSD or panic disorders (Gorka, Nelson, & Shankman, 2013; Grillon, Lissek, Rabin, McDowell, Dvir, & Pine, 2008; Grillon, Pine, Lissek, Rabin, Bonne, & Vythilingam, 2009) . Patients with anxiety disorders also demonstrate impaired extinction (Nevin, 2012; Seligman, 1968) and enhanced stress responses (Gliner, 1972; McGuire, Herman, Horn, Sallee, & Sah, 2010) to unpredictable stimuli. Prior unpredictable stressors have even been shown to impair healthy participants' later fear learning, even when that fear learning is adaptive (Meulders et al., 2012) . Although many animal studies have been utilized to investigate the behavioral consequences of PR, very few have taken advantage of this paradigm to examine signaling mechanisms in the brain that underlie those phenomena.
Both human (Kalisch et al., 2006; Milad et al., 2007; Rauch, Shin, & Phelps, 2006) and rodent (Fischer, Sananbenesi, Schrick, Spiess, & Radulovic, 2004; Fischer et al., 2007) studies have implicated the hippocampus as a critical region for fear extinction. Interestingly, fMRI data from humans point to the hippocampus as an encoder of uncertainty in cue-outcome relationships (Vanni-Mercier, Mauguiere, Isnard, & Dreher, 2009) , and its activity is modulated both by outcome probabilities (Rodriguez, 2009) and unexpected aversive stimuli (Ploghaus et al., 2000) during associative learning tasks. Furthermore, PTSD patients have reduced hippocampal volume (Shu et al., 2013) and decreased hippocampal activation during extinction recall (Milad et al., 2009) . A role of hippocampal mechanisms in fear extinction has also been supported by studies using animal models (Radulovic & Tronson, 2010) , which highlight the significance of the MAPK/ERK pathway (Matsuda et al., 2010; Szapiro, Vianna, McGaugh, Medina, & Izquierdo, 2003) . Previous work in our lab suggests that increased somatonuclear phopsho-ERK (pERK) in CA1 pyramidal neurons is indicative of shock expectancy violation and is required for effective fear extinction. Both hippocampal ERK signaling and fear extinction are impaired after PR contextual fear conditioning (Huh et al., 2009 ). Together, these
